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Effects of hyperbaric oxygenation and N-acetylcysteine 
on the survival of random-pattern skin flaps in rats
Efeito da oxigenação hiperbárica e da N-acetilcisteína na viabilidade  
de retalhos cutâneos em ratos
ABSTRACT 
Background: Advances in plastic surgery techniques have enabled reconstruction of ex-
tensive wound damage, especially through the use of random flaps. However, the limiting 
factor for the use of these flaps is the unpredictable blood supply, which may produce 
irreversible damage to the microcirculation and result in partial or complete flap necrosis, 
making the wound more susceptible to infection. Therefore, improvement of random flaps, 
especially in the distal extremity, has been an essential goal for the success of this techni-
que. The objective of this study was to investigate the effects of hyperbaric oxygenation 
(HBO), N-acetylcysteine (NAC), and the combination of both (HBO + NAC) on the degree 
of necrosis in modified McFarlane random skin flaps on Wistar rats. Methods: A total of 
32 male Wistar rats were randomly divided into a sham treatment group (SG, n = 8), 
N-acetylcysteine group (NACG, n = 8), hyperbaric oxygenation group (HBOG, n = 8), and 
hyperbaric oxygenation plus N-acetylcysteine group (HNG, n = 8). Modified McFarlane 
random flaps were created in the dorsal region of the rats. Results: The average area of 
the flaps exhibiting necrosis was 18.3%, 24.3%, 12.6%, and 14.9%, in the SG, NACG, 
HBOG, and HNG, respectively. The necrotic areas in the HBOG and HNG were signifi-
cantly smaller than that in the NACG. Conclusions: HBO treatment was associated with a 
reduction in the area of necrosis in the skin flaps. NAC treatment alone gave poor results. 
The use of HBO and NAC in combination did not improve the outcome compared with the 
use of HBO alone. The findings suggest that oxygen diffusion through the interstitial space 
was the factor responsible for the favorable results of HBO. 
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RESUMO
Introdução: Os avanços das técnicas em cirurgia plástica permitiram a reconstrução de 
extensos defeitos causados por ferimentos, entre as quais destaca-se a utilização dos retalhos 
randômicos. No entanto, o fator limitante para a utilização desses retalhos é a imprevisibili-
dade de sua vascularização distal, o que poderá ocasionar danos irreversíveis à microcircula-
ção, resultando em necrose parcial ou completa do retalho, tornando a ferida mais suscetível 
a infecção. Portanto, melhorar a viabilidade do retalho randômico, principalmente em sua 
extremidade distal, tem sido uma meta importante para o sucesso dessa técnica. O objetivo 
deste estudo foi investigar o papel da oxigenação hiperbárica (OHB), da N-acetilcisteína 
(NAC) e da associação de ambas (OHB + NAC) na área de necrose em retalhos randômi-
cos modificados de McFarlane em pele de ratos Wistar. Método: No total, 32 ratos Wistar 
machos foram divididos aleatoriamente em grupo Sham (GS, n = 8), grupo N-acetilcisteína 
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(GNAC, n = 8), grupo oxigênio hiperbárico (GOHB, n = 8) e grupo oxigênio hiperbárico 
+ N-acetilcisteína (GHN, n = 8). Sob anestesia geral, foi executado um retalho randômico 
modificado de McFarlane na região dorsal dos ratos. Resultados: A necrose média foi de 
18,3%, 24,3%, 12,6% e 14,9%, respectivamente, nos grupos GS, GNAC, GOHB e GHN. 
Os grupos GOHB e GHN apresentaram diferença significativa quando comparados ao grupo 
GNAC. Conclusões: A OHB está associada a redução da área de necrose do retalho cutâneo. 
A NAC foi associada a maus resultados quando usada isoladamente. A associação dos dois 
procedimentos, OHB e NAC, não potencializou os resultados favoráveis observados com 
o uso da OHB isoladamente. As descobertas sugerem que a difusão de oxigênio através do 
espaço intersticial foi o fator determinante de resultados mais favoráveis da OHB. 
Descritores: Oxigenação hiperbárica. N-acetilcisteína. Retalhos cirúrgicos.
INTRODUCTION
Advances in plastic surgery techniques have enabled 
re construction of extensive wound damage, especially 
through the use of random flaps. However, the limiting 
factor for use of these flaps is the unpredictable distal blood 
supply, which may produce irreversible damage to the mi -
crocirculation and result in partial or complete flap necrosis, 
making the wound more susceptible to infection. There-
fore, improvement of ran dom flaps, especially in the distal 
extremity, has been an essential goal for the success of this 
technique1-3.
The cell damage that occurs during tissue reperfusion 
after ischemia results from a series of events involving 
oxy gen free radical production and release of inflamma-
tory mediators4,5. Molecular oxygen therefore plays an im -
portant role in the healing process4. Hyperoxia caused by 
hyperbaric oxy genation (HBO) increases tissue toleran ce 
to ischemia2 and increases biological antioxidant defense 
mechanisms6,7. HBO has a protective effect on the micro-
circulation, possibly by interfering with the deleterious 
effects of activated neutrophils on the microvascular endo-
thelium8. In turn, inhibition of neutrophil function stimu-
lates angiogenesis and increases fibroblast activity and col -
lagen synthesis4,9.
Mammals have a complex antioxidant system to protect 
cells from stress. One of the most important components 
of the intracellular antioxidant system is glutathione, a 
po wer ful free radical scavenger that is depleted during 
ischemia-reperfusion injury10. N-acetylcysteine (NAC) is a 
prodrug that provides bioavailable cysteine for glutathione 
replacement9 when cellular glutathione levels are reduced 
by the presence of reactive oxygen species (ROS). NAC 
prevents many of the deleterious effects of oxidative stress 
during exposure to HBO11. The objective of this study was 
to investigate the role of HBO and NAC, either alone or in 
combination, on the viability of random flaps in rats, using 
the model proposed by McFarlane et al.12.
METHODS
Ethical Aspects
The experimental protocol was approved by the Ethics 
Committee of Universidade Federal de São Paulo (UNIFESP; 
number 1431-1403). All procedures strictly followed the 
exis ting regulations on animal experimentation of the Bra -
zilian Association of Animal Experimentation (COBEA).
Animal Care and Experimental Groups
Thirty-two male Wistar rats weighing between 280 g and 
300 g were kept in individual cages in acoustically isolated 
rooms at 25°C. The rooms had artificial light, and the animals 
had access to food and water ad libitum. The animals were 
randomly divided into 4 groups: sham group (SG; n = 8), 
N-acetylcysteine group (NACG; n = 8), hyperbaric oxyge-
nation group (HBOG; n = 8), and hyperbaric oxygenation + 
NAC (HNG; n = 8).
Anesthetic Procedure
Animals were deprived of solid food for 6 hours and li -
quids for 4 hours, and were then anesthetized with 5 mg/kg of 
intramuscular acepromazine (Acepran® 0.2%, Vetnil Indús-
tria e Comércio de Produtos Veterinários Ltda. São Paulo, 
Brazil). Ten minutes later, they received a combination of 
50 mg/kg of intramuscular ketamine (Ketalar®, Pfizer do 
Brasil, São Paulo, Brazil) and 10 mg/kg of intramuscular 
xylazine (Rompum®, Bayer, São Paulo, Brazil). 
Surgical Procedure
Under general anesthesia, the dorsal regions were epilated 
and the animals were fixed in the prone position. A rectan-
gular area of skin (2 cm x 8 cm) was marked with ink, with the 
base at the 7th cervical vertebra towards the caudal position, 
setting the spine as the central mark. The markings were in -
cised with a Nº 15 scalpel, and the skin flap was detached 
from the dorsal muscles (Figure 1). A polyethylene film was 
placed on the muscular portion to cover the whole area of 
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the wound, thus acting as a barrier between the skin flap and 
muscle tissue (Figure 2). The skin flap was then sutured into 
its original position using an interrupted suture with 3.0 nylon 
(Mononylon®, Ethicon, São Paulo, Brazil). 
Procedure for Administration of NAC and  
Distilled Water
Animals in the NACG and HNG received a dose of 
300 mg/kg of NAC (Fluimucil® acetylcysteine 300 mg/3 ml, 
Zambon Laboratório Farmacêutico Ltda., São Paulo, Brazil) 
by intraperitoneal injection immediately after creating the 
skin flap and then every 24 hours for 7 days. The SG and 
HBOG received 1 ml of distilled water (Isofarma, São Paulo, 
Brazil) by the same route following the same schedule. 
Procedure with HBO
HBO was performed in an experimental hyperbaric 
chamber for animals13 at the Universidade Regional do Alto 
Uruguai Campus Erechim (URI) (Figure 3). Before pres -
surization, the chamber was washed for 5 minutes with 100% 
medicinal oxygen. The oxygen pressure was then increa -
 sed at a constant rate until it reached 2.4 ATA. The oxygen 
concentration was monitored with a calibra ted oximeter. The 
animals were randomly placed in the hy perbaric chamber. 
Animals in the HBOG and HNG were exposed to 100% 
oxygen at 2.4 ATA for 2 hours starting 15 minutes after flap 
fixation, and then every 24 hours for 7 days. 
Daily Procedures 
The sequence of procedures for each group is summarized 
in Figure 4. The animals were randomly assigned to the follo-
wing groups: SG (n = 8), received distilled water injections 
once daily for 7 days; NACG (n = 8), received 300 mg/kg 
NAC once daily for 7 days; HBOG (n = 8), exposed to 100% 
hyperbaric oxygen at 2.4 ATA for 2 hours daily for 7 days; 
and HNG (n = 8), received both the NAC injection and the 
hyperbaric oxygen treatments daily for 7 days.
Follow-up 
The animals were examined twice daily for signs of infec-
tion at the incision site or fever. If any sign of severe suffering 
was identified, the veterinarian stopped the investigation and 
the animals were euthanized.
On the 8th postoperative day, the animals were anesthe-
tized and fixed in the prone position. The dorsal region was 
photographed from a standard distance using a 7.2 megapixel 
digital camera (SonyTP200, Sony, Japan), and the files were 
saved in JPEG format.
 Euthanasia
After the animals had been anesthetized and the skin flaps 
removed, the animals were euthanized by placing them in a 
chamber with carbon dioxide (CO2) until the animals went 
into cardiac arrest. 
Determination of the Necrosis Area of the Flap
On the 8th postoperative day, the area of the flap was 
photographed and compared with the appearance on the first 
Figure 1 – Standardized random McFarlane skin flap  
(2 cm x 8 cm), with the base at the 7th cervical vertebra.
Figure 2 – Polyethylene film placed on the muscle layer,  
which covers the entire wound area and acts as a  
barrier between the skin and muscles.
Figure 3 – Hyperbaric chamber for  
hyperbaric oxygenation of animals.
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day of the experiment. Necrosis was defined by the forma-
tion of a dark color and scabs. The average necrotic area 
was determined for all groups. Photographic images were 
captured using Image Pro Plus 4.5® software. All results were 
represented as average and standard deviation.
Statistical Analysis 
The results are expressed as the percentage area of the 
skin flap identified as necrotic, and are presented as the 
average and standard deviation (SPSS version 11.0). Diffe-
rences between the average necrotic areas were compared 
by variance analysis (ANOVA) followed by the Bonferroni 
post hoc test. A P value of 5% (P < 0.05) was considered 
statistically significant.
RESULTS
Figure 5 shows the average percentage area of necrosis 
according to the treatment group. The average areas of ne -
crosis were 18.3% in SG, 24.3% in NACG, 12.6% in HBOG, 
and 14.9% in HNG.
Table 1 describes the results of the macroscopic assessment 
(area in mm²) for each treatment group.
The HBOG showed a smaller area of necrosis than the 
SG, but the difference was not significant (P = 0.12). The 
viability of the HBOG flaps was significantly better than that 
of the NACG (P < 0.01), and was approximately the same as 
the HNG. The area of necrosis significantly differed between 
the HNG and NACG (P < 0.01).
In this study, HBO alone increased the viability of the skin 
flaps. Unexpectedly, the combination treatment of NAC plus 
HBO did not improve flap viability compared to the effect 
of HBO alone.
DISCUSSION
There is controversy surrounding the angiogenic proper-
ties of HBO. HBO has been used in the treatment of skin 
wounds to increase the tension of fibers and to stimu-
late angiogenesis2,3. The HBO-induced angiogenic effect 
is responsible for high oxygen tension, which may persist 
for some hours after HBO6,8. Repeated exposure to HBO 
produced the on-off effect, providing a favorable environ-
ment in the flaps of the HBO groups compared to the group 
that did not use HBO (SG and NACG). In this study, HBO 
administration for 2 hours per day for 7 days improved the 
Figure 4 – Procedure flowchart for different groups: SG, creation 
of the flap and 8 daily intraperitoneal injections of saline; NACG, 
creation of the flap and 8 daily intraperitoneal injections of 
N-acetylcysteine; HBOG, creation of the flap and 8 daily sessions 
of hyperbaric oxygenation; HNG, creation of the flap and 8 
daily intraperitoneal injections of N-acetylcysteine followed by 
hyperbaric oxygenation. HNG = hyperbaric oxygen group + 
N-acetylcysteine; NACG = N-acetylcysteine group;  
HBOG = hyperbaric oxygen group; SG = sham group.
Figure 5 – Average and standard deviation of the percentage area 
of necrosis of the random skin flaps in the SG, NACG, HBOG, and 
HNG. There were significant differences between the HBOG and 
NACG (P < 0.01), and between the HNG and NACG (P < 0.001) 
(ANOVA). HNG = hyperbaric oxygen group + N-acetylcysteine; 
NACG = N-acetylcysteine group; HBOG = hyperbaric oxygen 
group; SG = sham group.
a HBOG vs. NACG (P < 0.01); b HNG vs. NACG (P = 0.002).
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viability of random skin flaps, in sharp contrast to the original 
hypothesis that suggested that the exposure to additional 
oxygen would increase the production of free radicals and 
increase the area of necrosis in the flap. The most accepted 
current hypothesis suggests that HBO would cause peri-
pheral arteriolar vasoconstriction, which would theoretically 
neutralize the reflex post-ischemia vasodilation, thereby 
reducing the interstitial fluid and edema, and improving the 
viability of the flap3,7. Hong et al.14 demonstrated that hypoxic 
tissues subjected to HBO develop increased plasma oxygen 
pressure (pO2), which reduces tissue hypoxia, likely due to 
the increased rate of oxygen diffusion.
NAC is a precursor of glutathione, a potent endoge-
nous antioxidant that acts by inhibiting the induction of 
pro-in flammatory cytokines, nitric oxide synthase (iNOS), 
ICAM-1, and VCAM-110,15-17, in addition to stimulating the 
production of nitric oxide (NO)18. In this study, flaps treated 
only with HBO showed a similar increase in viability when 
compared to flaps treated with the combination of HBO 
and NAC, suggesting that these agents do not have additive 
effects. The results were the poorest in groups treated with 
distilled water or NAC alone. The dose of NAC (300 mg/
kg/day) used in this study was selected based on the low 
toxicity of the drug and on the favorable results obtained for 
the protection of random skin flaps in rats in other studies. 
The plastic barrier interposed between the flap and the tissue 
bed prevented revascularization of the flap19.
The use of HBO in combination with NAC may have 
provided protection from the deleterious effects of NAC. 
When used alone, NAC resulted in a larger area of necrosis 
(24%) as compared to the area of necrosis produced by the 
combination of HBO and NAC (15%) (P < 0.01). It is likely 
that, in this study, the high concentration of NAC inhibited 
angiogenesis and wound healing, although it is not known 
if this was due to an imbalance in the redox state or through 
another mechanism9. It has been shown that HBO can in crease 
tissue tolerance to ischemia, and reduce subsequent metabolic 
Table 1 – Average, standard deviation, and range of areas  
of necrosis in skin flaps in the SG, NACG, HBOG,  








SG 8 0.18 0.05 0.11–0.28
NACG 8 0.24a,b 0.05 0.18–0.32
HBOG 8 0.13a 0.04 0.07–0.20
HNG 8 0.15b 0.04 0.07–0.22
Total 32 0.18 0.06 0.07–0.32
ANOVA; a HBOG vs. NACG (P < 0.01); b HNG vs. NACG (P = 0.002).
HNG = hyperbaric oxygen + N-acetylcysteine group; NACG = N-acetylcysteine 
group; HBOG = hyperbaric oxygen group; SG = sham group; n = number of animals.
disturbances. HBO also improves tissue microcirculation by 
reducing platelet aggregation. These characteristics, combined 
with the increased capacity of plasma to transport dissolved 
oxygen to areas inaccessible to red blood cells, have been 
shown to be an important mechanism underlying the beneficial 
effect of oxygenation in several hypoxic tissues2,20.
In this study, HBO combined with antioxidants did not 
improve the survival of flaps compared to the use of HBO 
alone, suggesting that the potential toxic effects of hyperoxia, 
such as production of ROS, were not neutralized by antioxi-
dant therapy with NAC. It is believed that low concentrations 
of ROS may play a beneficial role in tissue healing6. Oxidi-
zing species such as free radicals and hydrogen peroxide 
may serve as cellular messengers to mediate processes such 
as extracellular matrix formation, the action of cytokines, 
angiogenesis, and cellular mobility, and in doing so stimulate 
the healing process9.
CONCLUSIONS
Treatment with HBO reduced necrosis in skin flaps, 
whereas NAC treatment alone gave poor results. The combi-
nation of HBO and NAC did not improve the outcome com -
pared with HBO treatment alone. The findings suggest that 
the favorable effects of HBO could be attributed to oxygen 
diffusion through the interstitial space.
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